Purpose Whole-body three-dimensional scanning is a tool utilised for the collection of body girths, volume, and surface area measurements. Few studies have investigated the validity and repeatability of this technology. The aim of the present study was to investigate the test retest variability of the NX-16 body scanner (NX-16, TC2, Cary, North Carolina, USA). Methods Phase one involved the measurement of a mannequin on 300 occasions (30 scans over 10 sessions). In phase two, 13 apparently healthy male participants were recruited; each participant was scanned a total of four times (two scans over two sessions). Stature, body mass, and body fat % were obtained. Fourteen girth measurements were obtained (chest, underbust, stomach, waist, seat, hip, R/L bicep, R/L thigh, R/L mid-thigh, and R/L calf). Coefficient of variation was calculated for measurements obtained. Results Coefficient of variation for phase one ranged from 0.0% for the R calf, to 3.3% for the L thigh measurement. For phase two, values were higher, ranging from 0.5% for calf and chest to 4.6% for thigh measurements. Conclusions Test-retest variability of the measurements provided by the NX-16 body scanner varied according to body location. However, variability within measurements was low using a mannequin or human participant. The NX-16 body scanner (TC2, Cary, North Carolina, USA) may be a useful tool for tracking changes in body composition over time during large population studies.
Introduction
Anthropometry is the ancient practise of measuring body shape and size. Traditional methods involve using a stadiometer, balance scale, or skinfold callipers in order to obtain measures. Advances in technology have enabled researchers and medical professionals alike to gain a deeper insight into the human body; for example, magnetic resonance imaging (MRI), dual-energy X-ray absorptiometry (DEXA), and computed tomography (CT) provide relatively non-invasive, multi-component methods for determining the composition of an organism [1] . However, these imaging techniques (MRI, CT, and DEXA) are not widely available outside of a clinical setting or for repeat measurements due to cost of testing, requirement for specialist interpretation of data, and participants' exposure to ionising radiation.
Anthropometric measures are widely reported within the fields of medicine, nutrition, and sports science in order to assess disease risk and monitor health. Stature and body mass are used for the calculation of body mass index (BMI), a measure of obesity, which has links to increased risk of mortality and morbidity [2] . Increased fat mass is associated with chronic disease including type 2 diabetes [3] and can be assessed via bioelectrical impedance analysis [4] . Waistto-hip ratio, also linked with increased disease risk (above a specific threshold), can be obtained through the measurement of body girths using a flexible tape measure [5] .
The measurement of circumferences within specific body compartments provides an accessible measure for determining disease risk and tracking the efficacy of a lifestyle intervention [6] . For example, waist-to-hip ratios simply require the use of a tape measure; this measurement is repeatable with a reported coefficient of variation (CV%) < 3% requiring minimal training by the investigator [7] . Measuring circumferences of other body compartments including the arms, chest, and legs may also be useful in population-based investigations. However, measuring multiple circumferences in different body compartments can present increased challenges such as an increased time burden, participant discomfort, and ethical issues surrounding the need to remove clothing.
Commercially available devices make it possible to rapidly obtain circumferences from multiple compartments of the human body. Three-dimensional (3D) body scanning employs laser or light sources, which are projected onto the body surface and cameras detect the distortion pattern created [7] . Computer software then renders a 3D model, automatically detecting landmarks whilst determining the magnitude of the body compartment [8] . Body scanning has been used within a healthcare setting [8] , research environment [9, 10] , and within sport [11] . Multiple devices are commercially available including the NX-16 body scanner (NX-16, TC2, Cary, North Carolina, USA).
As with any automated device, the observed value of a measurement can be different from the true value due to measurement error [12] . Many factors affect the difference between the true and observed values, but the two most common are the validity and reliability of a measure [12] . Validity refers to the precision of the measurement, its ability to report the "true" value of the intended marker, whereas reliability or repeatability refers to the random variation/ error in values provided by the same measure re-assessed on multiple occasions. The validity of the NX-16 scanner has been investigated previously comparing values obtained with the criterion method of a flexible tape measure [7] . The NX-16 scanner has good validity for various measurement sites including the thigh, arms, chest, and waist [9, 13] . However, there is limited data available relating to the repeatability of the NX-16 over multiple testing sessions. There is also limited guidance for the calibration of the scanner during repeated usage. Therefore, the aim of the present study was to investigate the test retest repeatability of the NX-16 body scanner in order to inform recommendations for its use.
Methods
The study received institutional ethical approval from the Sport, Health and Exercise Science Ethics Committee at the University of Hull, and was conducted in accordance with the Declaration of Helsinki [14] . Written informed consent was obtained from each participant prior to their involvement in the study.
This study involved two separate investigations using a computerised 3D body scanner (NX-16, TC2, Cary, North Carolina, USA); phase one used a mannequin scanned multiple times on multiple occasions. The rationale for the two-phase process including the use of a standardised mannequin was to predominantly limit the sources of measurement error which would be associated with an assessment of human participants only. The practicality of collecting hundreds of individual scans also precludes human-only use as individuals are less likely to be available over multiple testing sessions. Thirty scans per session were chosen as we estimated this to be in excess of the total number of scans an investigator would feasibly complete in a single working day. The total number of scans we estimated would provide enough data to enable a meaningful interpretation of the data and allow practical device recommendations to be developed. Phase two involved a study using human participants who were each scanned four times over two visits. Visits for phase two were scheduled at the same time of day to account for diurnal variation. The same equipment was used for all visits and operated by the same test administrator. Figure 1 provides a visual schematic outlining the study design.
Anthropometric measures were collected as part of the medical screening process and for reporting of participant characteristics. Stature was measured using a wall-mounted stadiometer (Holtain Stadiometer, Holtain Ltd, Crymych, Dyfed), body mass was measured using a balance scale (SECA Balance Scales, Vogel & Halke, Hamburg Germany), and body fat percentage using bioelectrical impedance (BF-900, Maltron International, Rayleigh, UK); all were measured on arrival at the laboratory.
The NX-16 body scanner has been described previously [13] . The scanner was connected to a desktop PC running Windows XP and utilised specialist software (3D Body Measurement System V2.1, TC2, Cary, North Carolina, USA). External light sources (from outside of the scanner) cause measurement error; therefore, overhead lights were switched off, blinds within the laboratory were closed and both the inner and outer curtains of the NX-16 were drawn.
The NX-16 scanner was calibrated at the start of each testing session. The calibration involves a cylinder of known dimensions (height 151.7 cm; circumference 88.0 cm) and 11 "calibration balls" (two hanging wires with five balls and one loose ball). Calibration involved a three-step process. Initially, the cylinder was placed in the centre of the scanner (in between the ten hanging calibration balls) and images were captured. Secondly, the cylinder was removed and the loose calibration ball was placed inside the scanner and a further set of images were captured. Finally, the software uses the captured images to complete the calibration and determine the cylinder circumference. The two sets of hanging calibration balls are required to be perfectly still. The system calibration is considered acceptable if the circumference of the cylinder is within the error margin of ± 5 mm of the true cylinder circumference. The scanner software allows for the extraction of custom measurement. Measurement locations are shown in Fig. 2 .
For phase one, in order to assess the repeatability of the NX-16 scanner, a male mannequin with an athletic build was scanned on 300 occasions (10 sessions each with 30 scans). A calibration was completed before each session. Following successful calibration, the mannequin was placed in the centre of the scanner with the inner and outer curtains drawn to prevent light leaks. The system calibration was verified following the scanning session by scanning the reference cylinder.
For phase two, apparently healthy male participants were recruited. Participants attended the laboratory on two occasions. Anthropometric measurements were collected on arrival. Two body scans were then obtained for each participant. The NX-16 scanner was calibrated at around 08:30 h and again at 12:00 h each day. Participants were asked to undress behind the outer privacy curtain, removing all jewellery and clothing, except underwear. Entering the scanner, participants closed the inner curtain, stood in the centre of the scanner with their feet around hip width apart; participants were instructed to stand upright, looking straight ahead with their chin slightly raised. During the scanning process, participants were asked to remain still. Immediately following scanning, participants remained in the scanner until the data were processed. A second scan was immediately completed using the same protocol. Participants wore white or light-coloured underwear for all scans.
For phase one, averages for each measurement location were obtained for the first and second and the third and fourth scans of each session. For phase two, measurements from each visit were averaged. Data were processed using a bespoke spreadsheet designed for variability analysis [http://www.sport sci.org/resou rce/stats /relyc alc.html] [15] . Results are presented as mean ± standard deviation (SD) unless otherwise stated. Test-retest variability was reported as the typical error of the coefficient of variation (CV%) with 90% confidence intervals (CI). The benefits of using typical error and the statistical methods employed have been outlined previously [12] .
Results
Three-hundred scans of the mannequin were obtained for phase one. Thirteen male participants (mean ± SD: stature 180.1 ± 9.2 cm, body mass 82.0 ± 9.9 kg, BMI 25.4 ± 3.3 kg m 2 , and body fat 18.4 ± 8.0%) were recruited for phase two of the study. All participants completed both visit one and visit two (6 ± 4 days between trials). No adverse events were reported throughout the study. During Repeatability data for both phases of the study are presented in Table 1 . Measurements of human participants showed greater variability compared to a mannequin (highest CV% for phase one 3.3%; highest CV% for phase two 4.6%). The variability when scanning human participants ranged from 0.5 to 4.6% depending on the measurement location. Data from each of the 300 scans of phase one are provided in Figs. 3 and 4 . Data are freely available online in an effort to support research transparency and the open science movement [https ://osf.io/y7qk2 /] [16] .
Discussion
The aim of the present study was to assess the test-retest repeatability of the NX-16 3D body scanner. We found that the test-retest variability of the measurements provided by the NX-16 body scanner varied according to body location. Indeed, variability within measurements was low using a mannequin or human participant. Our findings demonstrate a CV% ranging from 0.5 to 4.6% dependent upon measurement location. Due to the inherent variability in CV% values in different body compartments, it would seem logical therefore for researchers to focus on specific The body compartments showing the lowest variability were the chest (0.5%), waist (0.9%), seat (1.1%), hip (0.6%), and calf (0.5%) measurements sites. The stomach (2.4%), bicep (2.0% and 1.7%), and mid-thigh (2.6% and 2.5%) measurements had a slightly higher variability, whereas the underbust (4.4%) and both thigh measurements (4.6%) showed the largest variability when human participants were scanned. Whilst no clear thresholds are available, a reduction of 5% in waist circumference is suggested to offer a clinically important difference-changes in waist circumference above 5% likely promote improvements in health [17] . Assessment of measurement error in clinical practice revealed values ranging from 1.4 to 15.0 cm for manual waist circumference measurements [18] . Our data suggest the NX-16 has a lower CV% than the minimal clinically important difference, which would enable researchers and clinicians to detect clinically meaningful changes in waist circumferences.
A number of factors may contribute to the variability in circumference measurements obtained by the scanner. Firstly, the exact location of a measurement may vary from scan to scan; the scanning software uses pre-programmed algorithms to determine the measurement sites. When repeated measurements are taken over multiple trials, small changes in the participant's posture will likely occur, which may impact where the software takes a measurement, resulting in a difference in values, as seen when children were measured using the scanner [19] . Secondly, the small changes in posture may also result in a physical change in how subcutaneous tissue is distributed, therefore changing the girth of a particular area. These two factors will likely compound the variability observed. Finally, the system calibration will also act as another source of error; during phase one, we verified the system calibration at the end of each scanning session with only two of ten calibrations still valid after 30 scans. We believe these are the most likely sources of variability. Practical methodological recommendations will be discussed in an effort to limit these sources of error.
To date, few studies have investigated the test-retest repeatability of the NX-16 scanner, previous relevant studies are summarised in Table 2 . Studies that have directly investigated the NX-16 scanner have demonstrated good agreement between the scanner and traditional methods [9, 13] . For example, mean differences in circumference measurements were < 1.0 cm for multiple measurement locations (arms, thigh, and calf) when compared with traditional tape measure methods [13] . Investigation of similar devices also reports relatively low differences between automated and manual measures (waist 0.64 cm) [7] . For weight management, changes of 5% would be considered the minimal clinically important difference [17] . Measurements from the present study have a CV% below the proposed 5% clinically significant change, suggesting that researchers and clinicians can use the NX-16 scanner to detect clinically meaningful changes in circumference measures.
In addition to assessing the repeatability of the NX-16, the aim of the present study was to offer evidence-based recommendations for using the scanning device. Firstly, the system calibration is a straightforward process but the process requires that the hanging calibration balls are perfectly still, and so, this makes it difficult to recalibrate the scanner between scans. For our study, there was an average of 105 min between the end of a scanning session and the next system calibration. Anecdotally, we found that the calibration balls needed to be allowed to hang for a minimum of 60 min-any less, and the two strings of balls would still be moving slightly and prevent calibration. In phase one, after 30 scans each session, the calibration was valid for only two of the ten sessions suggesting that calibration should be completed at least every 30 scans, if not earlier; visually examining the data in Figs. 3 and 4 , it appears that the standard deviations of measurements increase after around 20 scans. Therefore, we would recommend that a system calibration is completed after ~ 20 scans and that users should verify the system calibration by using the in-built function that scans the reference cylinder-similar to the calibration process. Whilst the system calibration is an important consideration, error from other factors can also be controlled. Other factors may contribute to increased variability. Researchers have stressed the importance of participants' wearing form-fitting underwear during scanning and the need to prevent external sources of light from entering the scanner [13] . Light leaks can result in artefact within the body model; therefore, we would recommend that users ensure both curtains of the scanner are closed, overhead lights dimmed/switched off, and room blinds/curtains are closed. Our results also demonstrate that differences in the precise measurement location can occur between scans. This may be due to minute variations in posture between scans; we would recommend that participants are provided with adequate instructions before scanning, that users follow the positioning outlined within the methods section . 3 and 4) , which can be easily excluded and another scan completed. 3D body scanning technology has advanced over time; various models are commercially available, and the technology offers benefits over traditional methods such as the flexible tape measure. Body scanners such as the NX-16 can scan a participant and generate a whole-body model in less than 60 s, which would take a considerable amount of time if the traditional tape measure method was used. The technology also allows retrospective analysis of scans, extraction of additional measurements at a later date, and the calculation of variables such as surface area and body volume. New operators of the scanner can be easily trained compared to someone learning to use skinfold callipers; for example, someone wishing to become ISAK accredited would need considerable training and practice in order to become certified [20] . Participants may also feel uncomfortable with the traditional calliper or tape measure methods as there is a need to remove clothing in front of the test administrator; whilst participants also need to undress using the body scanner, they do so behind a privacy curtain, out of sight from others, and in a darkened environment.
Future research may wish to explore the technology further. Firstly, different measurement sites may be of interest, such as the calculation of overall body surface area or volume. These measurements, such as surface area, may have clinical importance or prognostic value. Secondly, the present study investigated only adult males, and therefore, the analysis of females and other age groups would expand the understanding of the technology allowing normative data for males and females within age strata to be developed. Further, the development of minimal clinically important difference thresholds could also be developed. Finally, the investigation of skin pigmentation on the validity of the technology would also be useful; research of similar technology utilising light sources, such as photoplethysmography (PPG), has shown some additional variability for participants with darker skin pigmentation [21] .
Conclusions
In conclusion, the test-retest variability of the measurements provided by the NX-16 body scanner varied according to body location. However, variability within measurements 
